As whole genome sequences continue to expand in number and complexity, effective methods for comparing and categorizing both genes and species represented within extremely large datasets are required. Methods introduced to date have generally utilized incomplete and likely insufficient subsets of the available data. We have developed an accurate and efficient method for producing robust gene and species phylogenies using very large whole genome protein datasets. This method relies on multidimensional protein vector definitions supplied by the singular value decomposition (SVD) of a large sparse data matrix in which each protein is uniquely represented as a vector of overlapping tetrapeptide frequencies. Quantitative pairwise estimates of species similarity were obtained by summing the protein vectors to form species vectors, then determining the cosines of the angles between species vectors. Evolutionary trees produced using this method confirmed many accepted prokaryotic relationships. However, several unconventional relationships were also noted. In addition, we demonstrate that many of the SVD-derived right basis vectors represent particular conserved protein families, while many of the corresponding left basis vectors describe conserved motifs within these families as sets of correlated peptides (copeps). This analysis represents the most detailed simultaneous comparison of prokaryotic genes and species available to date.
Introduction
The recent accumulation of large numbers of whole genome sequences in public databases has led to the expectation that this information can be utilized to further understand and more precisely define organismal relationships. Consequently, several methods for comparing whole genomes in a phylogentic context have been explored in the recent literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These methods have recently been reviewed. 11 Unfortunately, most of these methods use incomplete and arguably insufficient subsets of the available data. On the other hand, a comprehensive character by character analysis of complete genomes using the standard phylogenetic methods (parsimony, maximum likelihood, Bayesian inference) is beyond the scope of currently available computational systems. Even if exhaustive comparisons of this kind were possible, it might still be unwise to use all available biomolecular sequences for comparison, since many of these sequences contain a high fraction of potentially misleading similarity information (i.e., homoplasy) resulting from stochastic (neutral) evolution, convergent evolution, or horizontal gene transfer. Furthermore, determining which characters are truly homologous, and which are truly homoplasious is a difficult problem, and can generally be decided only when the ancestral relationships of the genes and/or species in question are already established (or assumed).
A complication especially relevant to prokaryotic genomes is that horizontal gene transfer has played a significant role in the evolution of certain species. 12, 13 Even if the resulting cross-species similarities are defined as "homoplasious", they are of great interest and should not be ignored, since they would undoubtedly play an important role in defining the "essence" of a species. Significant similarities resulting from horizontal gene transfer should therefore be well described and should perhaps be equally weighted as compared to all other characters when attempting to describe the practical relative similarity of species. In cases where horizontal gene transfers are prevalent, true ancestral relationships may not exist, and even "approximate" ancestral relationships may be very difficult to define in a meaningful way. Consequently, obtaining a "best estimate" of ancestral relationships using an exhaustive similarity analysis may be the most fruitful approach. For this, a balanced global analysis of most if not all of the significant independent characters or characteristics available is required.
In this work, we have used the Singular Value Decomposition 14 to define an independent set of 551 protein sequence characteristics imbedded within a comprehensive set of 53 whole bacterial genomes (plus one mitochondrial genome). These SVD-derived characteristics can be described as correlated peptide motifs (copep motifs) and are uncovered and listed by the SVD in order from most dominant to least dominant. Each copep motif is represented as an orthonormal basis vector in multidimensional space, and each basis vector is described by a particular linear combination of all possible overlapping tetrapeptides defining the "ideal" sequence of the motif. These SVD-derived basis vectors can also serve to define a "protein" space in which all the proteins of the dataset are accurately and precisely described as multi-dimensional vectors. An estimate of the pairwise similarity of species can be obtained by summing all the protein vectors for each species to produce a representative species vector, then determining the cosines of the angles between these vectors. 15 Here we present a species tree calculated from a pairwise comparison of species vectors obtained using the 551 most dominant singular triplets derived via the SVD. We further demonstrate that the orthonormal left singular vectors provided by SVD serve to define individual motifs composed of correlated peptides (copep motifs), many of which correspond to traditional motifs uncovered using local alignment methods (e.g., BLAST).
In addition, we demonstrate that the orthonormal right singular vectors describe clusters of related proteins that share the copep motifs described by the corresponding left singular vectors.
Methods

Programs
All programs developed specifically for this analysis were written in C++. Data manipulations involving the programs AACODE3, COSDIST, and COPEPX where performed on a dedicated Sun Ultra 60 workstation having two UltraSPARC II processors (360 MHz) with 1 GB RAM. SVD analysis using the pLANSO program †16,17 was performed on a Sun Enterprise 4500 midrange server having fourteen 100MHz UltraSPARC processors, 10 GB RAM, and 512GB of disk storage. Tree production and analysis using the PHYLIPv3.6 package (Felsenstein, Univ. of Washington) was performed on a desktop PC.
Genome datasets
Protein sequences for whole genomes were downloaded from the National Center for Biotechnology Information (NCBI). The specific strains, chromosomes, and plasmids used in the analysis are as follows: Aeropyrum pernix K1 (Aper); Archaeoglobus fulgidus (Aful); Halobacterium sp. NRC-1 chromosome, plasmid pNRC200, plasmid pNRC100 (Hnrc); Methanobacterium thermoautotrophicum (Mthe); Methanococcus jannaschii chromosome, large and small extrachromosomal element (Mjan); Pyrococcus abyssi (Paby); Pyrococus horikoshii (Phor); Sulfolobus solfataricus (Ssol); Sulfolobus tokodaii (Stok); Thermoplasma acidophilum (Taci); Thermoplasma volcanium (Tvol); Agrobacterium tumefaciens circular chromosome, linear chromosome, plasmid AT, plasmid Ti (Atum); Aquifex aeolicus chromosome, Plasmid ece1 (Aaeo); Bacillus halodurans C-125 (Bhal); Bacillus subtilis (Bsub); Borrelia burgdorferi chromosome, plasmids: cp9, cp26, cp32-1, cp32-3, cp32-4, cp32-6, cp32-7, cp32-8, cp32-9, lp5, lp17, lp21, lp25, lp28-1, lp28-2, lp28-3, lp28-4, lp36, lp38, lp54, lp56 (Bbur); Buchnera sp. APS (Baps); Campylobacter jejuni (Cjej); Caulobacter crescentus (Ccre); Chlamydophila pneumoniae CWL029 (Cpne); Chlamydia trachomatis (Ctra); Chlamydia muridarum chromosome (Cmur); Clostridium acetobutylicum chromosome, plasmid pSOL1 (Cace); Deinococcus radiodurans R1 chromosome 1, chromosome 2, megaplasmid MP1 , plasmid CP1 (Drad); Escherichia coli K12 (Ecol); Haemophilus influenzae (Hinf); Helicobacter pylori 26695 (Hpyl); Lactococcus lactis subsp. lactis (Llac); Listeria monocytogenes EGD-e (Lmon); Listeria innocua (Linn); Mesorhizobium loti chromosome, plasmid pMLa, plasmid pMLb (Mlot); Mycobacterium tuberculosis H37Rv (Mtub); Mycobacterium leprae (Mlep); Mycoplasma genitalium (Mgen); Mycoplasma pneumoniae (Mpne); Mycoplasma pulmonis (Mpul); Neisseria meningitidis MC58 (Nmen); Pasteurella multocida (Pmul); Pseudomonas aeruginosa (Paer); Rickettsia conorii Malish 7 (Rcon); Rickettsia prowazekii (Rpro); Salmonella typhimurium LT2 (Styp); Sinorhizobium meliloti (Smel); Staphylococcus aureus N315 (Saur); Streptococcus pneumoniae TIGR4 (Spne); Streptococcus pyogenes (Spyo); Synechocystis PCC6803 (Sspp); Treponema pallidum (Tpal); Thermotoga maritima (Tmar); Ureaplasma urealyticum (Uure); Vibrio cholerae chromosome I, chromosome II (Vcho); Xylella fastidiosa chromosome, plasmid pXF51 , plasmid pXF1.3, plasmid pXF868 (Xfas); Yersinia pestis chromosome, plasmid pPCP1 , plasmid pCD1, plasmid pMT1 (Ypes). The mitochondrial genome used was that of the protozoan Reclinomonas americana (Recl). Protein sequences in FASTA format obtained from NCBI were converted using a PC-based word processor into a streamlined format retaining GenBank ID numbers and three letter species abbreviations as identifiers for post-processing analysis.
SVD-derived basis vectors representing copep motifs and protein families
Each protein sequence in the dataset (54 genomes; 134,155 proteins) was converted into a 160,000 element vector of tetrapeptide frequency values using the program AACODE3. 15 All possible overlapping tetrapeptides within the proteins were considered. The resulting vectors were output from the program as a large sparse matrix (matrix A) in sparse column-compressed format. 18 A log-entropy tranformed version of this matrix 19 was used as the input for a parallel implementation of the SVD program, pLANSO 16, 17 , run on a 14-processor Sun Enterpise 4500 midrange server. The complexity of the SVD computation is given by O(nz), where n is the number of Lanczos iterations required to produce d dimensions accurate to at least k decimal digits, and z is the number of nonzero values in the original sparse input matrix. The output consists of three matrices U, Σ, and V such that A=UΣV T . Matrices U and V provide new vector definitions for both tetrapeptides and proteins, respectively. In addition, the orthonormal basis vectors of the U matrix describe correlated peptide motifs 15, 20 as particular linear combinations of tetrapeptides, and those from the V matrix describe the corresponding protein families as particular linear combinations of proteins. The number of motifs described by the SVD, being equal in number to the singular triplets produced by the pLANSO program, is dependent on the number of Lanczos iterations specified. Setting the maximum number of Lanczos iterations to 1,950 yielded two sets of 551 basis vectors (i.e, 551 factors, dimensions, or singular triplets) accurate to at least 7 decimal digits ‡ . Storage becomes a premium as the number of singular triplets approximated increases. For d triplets (dimensions), the storage required is (134,155 × d + 160,000 × d + d ) × 8 bytes, which is about 1.2 GB for d = 551. The accuracy of the singular values and corresponding singular vectors (left and right) eventually deteriorates as the number of Lanczos iterations (or subspace dimension) increases so that the extremal triplets are (typically) well-approximated.
We found it useful to examine the most dominant elements of both the left and right singular vectors in order to summarize particular copep motifs and their corresponding protein families. The program COPEPX was used to extract the most dominant elements (absolute value > 0.025) from each left singular vector. Positive and negative elements were analyzed separately and used to describe a series of conserved copep motifs. The program COPROTX was used to extract the five most dominant positive elements and the five most dominant negative elements from the right singular vectors. These elements were used to summarize groups of clustered proteins, each of which potentially represents a conserved protein family.
Modified vector definitions and distance matrices for proteins and species
The matrix V derived via SVD contains definitions for proteins in multi-dimensional space using basis vectors representing copep motifs. Using all 551 left singular vectors provided by the SVD provides the most complex description achieved in this analysis for each protein. However, simpler descriptions for each protein can be obtained by ‡ Accuracy here refers to the magnitude of the residual error ( ||Avi -σiui||2 2 + ||A T ui -σivi||2 2 ) ½ , where ||·||2 is the Euclidean vector norm, ui and vi are the i th column vectors of U and V, respectively, and σi is the i th element (singular value) of the diagonal matrix Σ.
removing left singular vectors in order starting with those associated with the smallest singular values. The resulting descriptions in reduced dimensional space are likely to be improved in this way if some fraction of the least dominant singular triplets represented "noise" in the data (i.e. they modeled identified motifs that appear essentially at random in the dataset). On the other hand, if not enough singular triplets are retained, then the resulting descriptions may be erroneous due to the lack of sufficient comparative information. For these reasons, protein definitions were obtained for all possible reduced dimensional spaces by removing the most dominant left singular vectors (indexed in decreasing order 551, 550, …, 1) as basis vectors. The SVD-derived protein vectors from matrix V at a given dimension were summed for each species using the COSDIST program. Each species in the dataset was then represented by a species vector consisting of summed protein vectors. The COSDIST program was subsequently used to calculate pairwise cosine values for each pair of species vectors. These pairwise cosine values are then used to build an evolutionary pairwise distance matrix using the conversion d ij = -ln [(1+cos θ ij )/2]. This pairwise distance matrix was then used to generate phylogenetic trees using the NEIGHBOR program found within the PHYLIP software suite. Consensus trees were generated using the PHYLIP-CONSENSE program.
Results
Examples of protein families and copep motifs
In order to investigate the nature of the right singular vectors used to define proteins, ten of the most dominant elements (five positive and five negative) were extracted from each of the right singular vectors produced at the highest dimension setting (551). As examples, the five most positive elements from two basis vectors (#530, #527) and the five most negative elements from four basis vectors (#545a, #538a, #533a, #520a) are listed in Table 1 . Both positive and negative elements can serve to describe distinct families of proteins. In many cases (e.g. vectors 545a, 538a, 527 & 520a), all five proteins listed for each vector are uniformly identified as members of a single protein family. In other cases, one or more of the five proteins listed appears to be unrelated to the remaining proteins summarizing the family (as in vectors 533a & 530). These unrelated proteins tend to be abnormally large (3000-5000 residues) and few in number, appearing repeatedly in a large number of distinct vector groupings (not shown). Certain long proteins are apparently long enough to fortuitously contain many of the peptides present within the shorter, more conserved "true" members of the family (see Discussion).
In order to compare the copep motif definitions provided by the left singular vectors to the protein family definitions provided by the right singular vectors, dominant tetrapeptides having projections in excess of 0.025 were extracted from the corresponding set of left singular vectors and tentatively aligned by matching 3 out of the 4 amino acids between peptides. Although it proved possible to use some of the resulting contiguous strings of peptides in BLAST analyses to identify example proteins containing particular versions of a given copep motif, appropriate example proteins were instead chosen from the right singular vector groupings like those described in Table 1 . The sequence for each example protein chosen from each of six singular vector groupings is shown in Figure 1 . The parts of each sequence containing a perfect match to any one of the dominant tetrapeptides extracted from the corresponding left singular vector are shown in blue/bold. A few of the dominant tetrapeptides were found to match the example protein in only 3 of 4 positions or, infrequently, only 2 of 4 positions ( Table 2 ). In addition, Table 2 lists the E-values obtained from BLAST analyses using the longest string of overlapping tetrapeptide matches (underlined) found within each example protein. Table 2 .
Singular vectors #549 and #538 represent the transposases and the ATP-binding proteins, respectively, of the IS100 transposon family. In both cases, the selected dominant peptides of the copep motif cover the entire sequence of the example protein. Althought the Ypes versions of these proteins are most closely described by the chosen basis vectors, many other related proteins from related transposons in other bacteria are also well described, as verified by BLAST analyses using the dominant peptides of the copep in question. Singular vector #533 represents members of the EF-TU family of translation elongation factors (Figure 1 ). Many, but not all, of the amino acids of the example protein from E. coli are seen to be included within the dominant tetrapeptides of this particular motif (Table 2 ). While it is clear that many of these dominant tetrapeptides overlap to form contiguous sequences similar to those obtained from local alignments, a few tetrapeptides appear as isolated matches. This tendency is even more apparent in the remaining examples of protein/motif pairs (Figure 1) , resulting in mosaic motif definition patterns distributed throughout the proteins. 
Phylogenetic trees describing prokaryotic relationships
All the distance matrices calculated between 551 and 1 dimensions (constructed by removing the largest singular triplets in order starting from 551) were used to produce a complete set of 551 trees using the neighbor-joining option of the NEIGHBOR program.
In principle, any one of these trees could represent an effective hypothesis of species relationships; however, single trees considered alone provide no information about how well individual clusters are supported. In addition, previous analyses have suggested that hundreds of dimensions are required to make accurate trees. 20 For these reasons, a consensus tree was produced from the 50 trees made using the most complex definition spaces having greater than 501 dimensions (Figure 2 ). This 50-fold consensus tree provided strong support for seven proposed clusters of bacteria (found in greater than 75% of trees). Multiple expanded consensus trees were also constructed by including additional trees of lesser dimension (down to 100 dimensions) in order to investigate the nature of the information available in these trees. As trees of lower dimensions are gradually included in the consensus, many of the identified clusters become unstable. In particular, cluster "T" looses Aper, then becomes split into smaller distributed clusters, and clusters "A" and "M" become less well supported as they loose taxa (not shown).
The consensus tree of Figure 2 provides strong support for a number of clusters corresponding to classical prokaryotic classifications. Cluster "P" contains only members of the beta and gamma subgroups of proteobacteria. Cluster "A" contains only members of the alpha and epsilon subgroups of proteobacteria. Interestingly, only a weak tendency for these two groups of proteobacteria to cluster together was observed. Cluster "G" includes only the low-GC gram-positive bacteria. Cluster "T" included all but one of the archaebacteria, the remaining archaebacterium (a non-thermophylic halophile) was well separated from this cluster (see below). Cluster "C" includes all three chlamydias, but also includes the spirochaete Tpal, and the gamma-proteobacterium Xfas. The association between chlamydias and spirochaetes has also been observed in independent analyses, 7, 21 but specific inclusion of the presumed gamma-proteobacterium Xfas within this group is unconventional and perhaps artifactual. We note, however, that the branch adjacent to that containing Xfas contains a large cluster of gamma- A few more unconventional associations are also suggested in the consensus tree of Figure 2 . Some of these associations may be correlated with specific single amino acid frequencies that derive from broader characteristics including GC-content or temperature adaptations (see Discussion). Group "B" includes two eubacterial species of mycobacteria together with the archaebacterial halophile Hnrc, which appears within an otherwise exclusively eubacterial portion of the tree. Similarly, the archaebacterium Mjan appears to be most closely related to the solvent producing eubacterium Cace; however, support for this association is modest, and Mjan appears adjacent to the predominantly archaebacterial cluster "T". This cluster, although primarily composed of thermophilic archaebacteria, also contains an embedded subcluster of two related eubacteria, Aaeo and Tmar. This association is perhaps not too unreasonable, as both species of eubacteria, along with the remaining members of cluster "T" are all thermophilic, and many if not all thermophilic bacteria appear to possess large numbers of shared genes arising from both domains. 12, 13 Cluster "M" includes three of the four mycoplasmas present in the dataset. The remaining mycoplasma (Mpul) is placed in an unconventional relationship with the spirochaete Bbur (but see Discussion). The aphid symbiont Baps, though currently considered to be a close relative of E.coli, 22 clusters instead with the protozoan mitochondrial genome Recl. This group appears adjacent to the rickettsias within our tree, but fails to provide strong support for the long suspected close similarity between mitochondria and rickettsias. 
Vector definitions of genes and species
A central aspect of our approach to phylogenetic comparison of genes and species is the production of accurate and precise quantitative representations of all the proteins present within whole genomes of a relatively large and diverse set of species. These representations have a graphical interpretation as vectors in a high-dimensional space. A particularly useful consequence of this form of representation is that a straightforward estimate of pairwise similarity between proteins is easily obtained by calculating the cosine of the angle between any two protein vectors. If this is done for all pairwise combinations, a similarity matrix is derived. Converting similarity values into evolutionary distance values produces a corresponding distance matrix which can then be used to produce an evolutionary gene tree containing all the genes (proteins) of the dataset. 15, 20 Alternatively, the vector representations of all proteins for a given organism can be summed to produce a "supervector" representation of each organism. These vectors can then be compared in a similar way to produce species trees.
Obviously, the accuracy of the species tree produced depends critically on the accuracy with which the individual proteins of each organism are defined in "protein" space. We use the SVD 14 to uncover independent sequence characteristics (copep motifs) useful as orthonormal basis vectors for defining proteins in multidimensional space. Since only those motifs uncovered by the SVD contribute to the definition of proteins in this space, protein sequences outside these motifs are largely ignored, presumably reducing the noise contributed by "accidental" similarity within these sequences (i.e., random homoplasy). In this analysis, over 500 copep motifs were computationally derived and used to provide a quantitative comparison of both genes and species. While it is possible that additional copep motifs could be uncovered in an expanded analysis, it is unclear whether the resulting comparisons would be more accurate than those already derived. The 551 independent copep motifs used herein arguably provide the most comprehensive phylogenetic analysis of prokaryotic genomes achieved to date. Nevertheless, it is still possible that future increases in the dimensions of the definition space and additional or alternative transformations of the input data (see below) could change and improve the comparisons obtained.
SVD-derived copep motifs as independent characteristics for comparison
Besides the five examples of motifs/families provided in Figure 1 , several additional motifs/families were identified in an abbreviated survey of the more dominant copep motifs obtained from the left singular vectors and their corresponding protein families as summarized from the right singular vectors. These included a variety of transposases encoded by insertion elements present in high copy number, members of the Gro-EL protein family, additional subsets of the ABC proteins, DNA gyrases, RNA polymerases, glutamate synthases, and a number of membrane proteins with highly repeated strings of hydrophobic tetrapeptides (see on-line supplementary material).
The copep motifs uncovered in this analysis are novel in character since they are not derived from local alignments. Consequently, the individual peptides of the motifs are not necessarily contiguous, and can potentially appear at any location within a given protein. Although we have attempted to illustrate these motifs (and their similarity to BLAST derived motifs) using only a highly dominant subset of tetrapeptides, it is important to remember that each copep motif is actually defined by a particular linear combination of all 160,000 tetrapeptides. Consequently, a high fraction of the sequences in Figure 1 not highlighted in bold may be well described by sets of tetrapeptides represented by vector projections somewhat less than our arbitrary cut-off of 0.025. In support of this idea we have observed that several of the protein family definitions provided by the right singular vectors correspond to motifs defined by left singular vectors in which no tetrapeptides have values in excess of 0.025 (data not shown).
A few exceptionally long proteins appeared repeatedly within certain protein family groupings summarized by the dominant elements of right singular vectors (e.g. gi#16422820-Styp in Table 1 ). The following list of 10 proteins includes the majority of "contaminating" proteins that appear within the first 40 pairs of basis vectors: gi#13701232-Saur-6713aa's; gi#16422820-Styp-5559aa's; gi#9948551-Paer-5627aa's; gi#9948445-Paer-5149aa's; gi#13358058Uure-5005aa's; gi#13358045Uure-4688aa's; gi#9948469Paer4342aa's; gi#13701233Saur-3890aa's; gi#9108019Xfas-3455aa's; gi#9107338Uure-3442aa's (see Appendix). It seems likely that these long proteins provide misleading information toward the definition of the SVD-derived basis vector describing them. Hence, family definitions provided by the right basis vectors might be improved by either removing these larger proteins from the dataset, or by normalizing all the protein vectors obtained from the AACODE program in order to reduce the dominance of larger proteins.
However, normalizing the input vectors might inappropriately increase the contribution of shorter proteins. Given that gene annotation algorithms are likely to predict a number of "fantasy" genes with short reading frames that following normalization would tend to be heavily weighted by the SVD, normalization might be unwise. Experiments designed to explore these issues are currently in progress.
Issues concerning weighting and filtering of characteristics (copep motifs)
Although the relative importance of each singular triplet in explaining the dataset can be estimated from the singular value associated with each triplet, the singular values themselves were not directly used to weight the motifs used in the definition of proteins, peptides, or species. This has the general effect of making each included motif equally important for defining both proteins and species, although in the latter case, multiple copies of a given protein would significantly affect the final orientation of the summed species vector relative to other species. As a result, all of the protein sequence characteristics of a species, even those resulting from horizontal gene transfer, are equally weighted in the analysis. In other words, no attempt was made to categorize these characteristics as "homoplasious", or discount their contribution to the analysis. Consequently, if particular adaptations (like thermophily) require particular motifs or genes frequently acquired by horizontal gene transfer, species similarities estimated using this method might reflect these adaptations. A potential example of a recognized adaptation is provided by the "T" grouping ( Figure 3 ), which includes a mixture of eubacteria and archaebacteria, all of which are thermophilic. Another potential example would be the apparent ability of the method to recognize and group together small parasitic (Mpul and Bbur) and/or small endosymbiotic (Recl and Baps) genomes. A similarity in gene content and biosynthetic capacity for Bbur and the mycoplasmas has been noted previously. 24 Our method compares both genes and species without significant pre-filtering of the data. Every observed tetrapeptide contributes to the definition of each protein vector, and all protein vectors within a given organism are used to build the species vector for that organism. In addition, all peptide, motif, protein, and species definitions are obtained without explicit sequence alignment. Consequently, there is no need to provide operational definitions of orthology in order to distinquish orthologs from paralogs. Since both orthologs and paralogs are available for defining gene families (right singular vectors) and copep motifs (left singular vectors), then non-orthologous comparisons could significantly affect these definitions. Furthermore, non-homologous tetrapeptide similarities (due to random chance matches or convergent evolution) also have the potential to contribute erroneously to the output. The long "contaminating" proteins listed above appear to provide good examples of incorrect family associations caused by the recognition of non-homologous similarities. However, we suspect that a high fraction of potential random homoplasies have also been eliminated from the analysis by extreme dimension reduction. The SVD output produced only 551 independent complex characteristics (motifs) used to define proteins. This represents a roughly 300-fold dimension reduction relative to the 160,000 tetrapeptide patterns used to define proteins in the original input matix.
Amino acid frequencies, peptide frequencies, xenology, and prokaryotic relationships
It is possible that some or all of the unconventional prokaryotic associations produced in our analysis result from a high fraction of non-homologous similarities potentially present in large genome datasets and still retained in our reduced dimensional representation. Similar unconventional associations were observed following the analysis of single amino acid frequencies in whole genomes. 25 In this analysis, species were plotted in only two dimensions, where one dimension corresponded to a particular combination of amino acid frequencies determined roughly by GC-content, and the other dimension corresponded to a particular combination of amino acid frequencies determined roughly by relative optimum temperature (relative thermophily). As in our analysis, specific associations were observed between the Mtub, Mlep, and Hnrc (group "B") and between Aaeo, Tmar, and the archaebacterial thermophiles (group "T"). These associations were interpreted as non-phylogenetic amino acid "biases", since they corresponded poorly to currently accepted prokaryotic phylogenies. Although our analysis begins with tetrapeptide frequencies (rather than single amino acid frequencies), a similar set of unconventional associations was observed. Furthermore, these associations resulted not just from a simple comparison of tetrapeptide frequencies viewed as independent characteristics, but as particular linear combinations of tetrapeptides that represent copep motifs conserved within identified gene families. Apparently, "biases" that produce the specific unconventional groupings describe above are observed not only when single amino acid compositions are compared, but also when motifs and gene families are compared.
An alternative intepretation would suggest that some of these unconventional associations might be at least partially explained by horizontal gene transfer events of a significant magnitude. Recent comparisons have indicated that Cace (which clusters near the thermophiles in our analysis) is only weakly related to other gram-positive organisms and contains a suprisingly high fraction of specific archaebacterial homologs. 6 The eubacterial thermophile Tmar is estimated to possess 24% "archaebacterial" genes, 26 and contains an active class II DNA polymerase that is most closely related to that of Cace. 27 The archaebacterium Hnrc was previously observed to have recognizable clusters of genes with distinct eubacterial similarity presumably resulting from horizontal gene transfers. 
Is the centaur really a man or a horse?
Assuming that many prokaryotic species can be viewed essentially as chimeras with genomes constructed from a mosaic of different ancestral genomes, then defining any particular subset of a given genome as the "essence" of that species 29, 30 may be misleading. In addition, defining horizontally acquired characteristics as exclusively "homoplasious" is in one sense fundamentally wrong. Genes that are acquired by horizontal gene transfer are valid and important parts of any given organism, and should be given equal weight in defining that organism. Removing these genes from the analysis or discounting their contribution is equivalent to creating a falsely purified, nonexistent organism, streamlined for the purposes of unambiguous definition and placement within currently accepted (primarily single gene) phylogenies. Our work provides an arguably comprehensive and balanced comparison suggesting that the distinctions between thermophilic archaebacteria and thermophilic eubacteria may be less important than previously thought. In this case, certain previously documented "amino acid biases" might be best viewed as homologous characteristics of these organisms derived perhaps from a set of shared motifs or genes that allow a thermophilic lifestyle. Still, it must be recognized that any simple phylogenetic tree, including the one presented here, could be a gross oversimplification of the multiple genetic ancestries represented within any particular microbe. It would not be wise to ignore potential pathogenic characteristics shared by organisms viewed as unrelated in a simplified tree. Likewise, one should not be taken by surprise when trampled by a centauer simply because it was defined, perhaps arbitrarily, as a man rather than a horse.
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